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ABSTRACT
Autonomous droop control PV inverters have improved voltage
regulation compared to the inverters without grid support func-
tions, but more flexible control techniques will be required as the
number of solar photovoltaic (PV) installations increases. This pa-
per studies three inverter future deployment scenarios with droop
control inverters, non-exporting inverters, and coordinated inverter
control (CIC). The network operation and the interaction between
various inverter control methods are studied by simulating inverter
operation on two low-voltage networks. Considering 30% PV pene-
tration as the base case, we demonstrate that coordinated inverters
can mitigate overvoltages and voltage fluctuations caused by the
tripping of passive inverters in 85% of PV location cases when at
least as many coordinated as passive inverters are deployed on
the 114-node test feeder. However, this rate reduced to 37% with
the IEEE 906-node network demonstrating that the deployment
of coordinated inverter control may not be able to reverse passive
inverter-related voltage disturbances when the build-up of passive
inverters has reached a certain threshold.
The aggregated PV output from coordinated inverters can be
also used to provide grid support services. When the low-voltage
networks operate close to the upper voltage limits, the change in
the power output from coordinated inverters following a regulation
request may be partially offset by passive inverters. Considering
an equal number of passive and coordinated inverters, this paper
shows that for each unit of the down-regulation request delivered
by coordinated inverters, passive inverter output may increase by
up to 0.2 units and decrease by up to 0.45 units during coordinated
inverter up-regulation.
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1 INTRODUCTION
Environmental awareness, supportive policymechanisms and falling
costs of solar photovoltaic (PV) components are driving an acceler-
ating uptake of distributed energy resources in low-voltage (LV)
residential areas. It has become a challenge for many distribution
network service providers (DNSPs) to host new solar PV installa-
tions [8]. Additional PV output generated in the same area results
in voltage surges, thus increasing the risk of appliance damage.
The consequent overvoltage protection settings will disconnect
PV inverters and can also initiate voltage fluctuations across the
network [14].The voltages issues are exacerbated in the networks
with a high build-up of, so-called, legacy inverters without grid
support functions [32].
Multiple studies have shown improved voltage control using au-
tonomous inverters with reactive power (Volt/VAr) droop curve [1,
3, 31], active power (Volt/Watt) droop curve [2, 21, 22], and a combi-
nation of both [15, 16]. All new solar PV installations must include
autonomous voltage regulation based on a droop control strategy
as required under the IEEE 1547 Standard on Smart Inverters [4].
Autonomous inverters are network-agnostic, which makes them
simple and easy to deploy, but it also means that they provide only
suboptimal operations of the network [6], particularly in the areas
with a large number of customers per distribution transformer [24].
While passive inverter control can reduce the number of customers
experiencing overvoltages [19], the limitations of such control ap-
proach become particularly obvious when operating in a network
with high PV penetration [23].
Improved voltage regulation in a PV-rich distribution network
was achieved in [10] by implementing bidirectional communication
between inverters and a central node. It utilises smart meter data of
customers’ voltages and net loads across the network to determine
and deploy the optimal active and reactive power setpoints to each
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of the controllable inverters. Existing studies have demonstrated
the operation of coordinated inverters alone [17], in combination
with battery storage [11] and electric vehicles [7]. To the authors’
knowledge, all previous studies assume that all distributed energy
resources (DER) in the network can be controlled. This is optimistic,
given the wide deployment of passive inverters. Moreover, some
customers may be unwilling to share inverter data or give up the
control over their assets [33]. Thus, in this paper, we simulate the
deployment of coordinated inverters in a LV network with a signif-
icant share of legacy and autonomous inverters and demonstrate
the aggregated ability of coordinated inverters to mitigate voltage
disturbances.
Centralised PV inverter control can also enable grid support
services (GSS) and establish new relationships between the system
operator and the entity in charge of DER [28]. The aggregated out-
put capacity of coordinated inverters can be seen as a virtual power
plant (VPP) and the entity in charge of coordinating inverters as a
VPP aggregator [25]. PV inverters have the flexibility and fast re-
sponse needed to provide up-regulation (UR) and down-regulation
(DR) services. That means that it can meet the need to change the
frequency or respond to an event by increasing/decreasing the
power output. The calculation of feasible and flexible operating
regions and maximum grid support capacity for a VPP was demon-
strated in [29]. However, the network operator may not see the
expected change in the frequency following a response from the
VPP: since (UR) and (DR) delivery by coordinated inverters alter lo-
cal voltages, it will trigger inverters with passive control to change
their output (as per local voltage control settings). Autonomous
inverters’ sliding along the droop curve or potential disconnection
due to overvoltages induced by the VPP aggregator should be quan-
tified and accounted for before making a GSS capacity offer to the
market operator.
By simulating increasing PV penetration levels, we demonstrate
that coordinated inverters are significantly more effective in volt-
age regulation than autonomous inverters while avoiding unneces-
sary curtailment, which occurs in the scenario with non-exporting
inverters. We have also demonstrated that offering grid support
services can serve as a financial incentive for the CIC deployment.
This paper can be distinguished from other studies by the fact that
we have considered the existing inverter infrastructure in LV dis-
tribution networks, with 30% PV penetration level consisting of
existing autonomous and legacy inverters. The cumulative effects of
inverter interaction are quantified in terms of voltage disturbances
and power curtailment. For the given networks, it is shown that,
by deploying as many coordinated inverters as the existing passive
inverters, voltage issues can be prevented in 85% of PV locations.
This paper is organised as follows: Inverter models are intro-
duced in Section 2, and the network operation and simulation setup
are explained in Section 3. The provision of grid support services
by coordinated inverters is formulated in Section 4. The results are
discussed in Section 5 and a summary of the results and conclusions
is given in Section 6.
2 INVERTER MODELS
Before introducing the models of the four types of solar PV inverter
studied in this paper, it is useful to define notation for the network.
The network under study consists of a set N of N nodes that have
a load and, in some cases, a PV inverter. We often consider an ex-
tended networkN ′ = N ∪ {s}, where s denotes the secondary side
of the distribution transformer (the slack bus). Lines are represented
as (m,n) ∈ M ⊂ N ′ × N ′.
In our studies, the network initially hosts L legacy and A au-
tonomous inverters (described below) located on the nodes of the
sets L and A, respectively. We increase PV penetration by adding
new solar PV systems equipped with one of the three following
inverter models: coordinated inverters, non-exporting inverters or
more autonomous inverters. Subscripts l ∈ L,a ∈ A, c ∈ C, and
e ∈ E denote the quantities pertaining to each legacy inverter l ,
autonomous inverter a, coordinated inverter c , and non-exporting
inverter e . All inverters have the same rated apparent power capac-
ity S, which sets the limits on the maximum active power injection
P inj and reactive power supportQ . Complex voltages are expressed
per unit and denoted byV withℜ and ℑ as the real and imaginary
components. Constants beyond our control are written in bold. The
individual inverter models are as follows.
2.1 Legacy Inverters
Legacy inverters l ∈ L are not equippedwith grid support functions
and can operate only at unity power factor. The operating state of
legacy inverters is fully captured by a binary variable ul , where
ul = 1 if the inverter is operational, and ul = 0 if it has tripped due
to overvoltage; this is referred to as the status of the inverter. The
injected active power P injl is
P
inj
l =
{
Pavl , if ul = 1, ∀l ∈ L,
0, otherwise.
(1)
2.2 Autonomous Inverters
The operating state and output of non-coordinated inverters are
dependent only on the local voltage measured by the inverter. An
autonomous inverter a ∈ A enables voltage regulation using a
combination of Volt/VAr and Volt/Watt droop curves (Fig. 1). The
feasible region of the full Volt/VAr droop curve is a piecewise lin-
ear function with three constant sections and two decreasing ones
bounded by voltage setpoints. However, the Volt/VAr function con-
sidered here consists of three pieces since we neglect the control
of undervoltage for the scenarios studied in this paper. Given the
measured inverter output voltage Va , the nominal inverter reactive
power injection in the grid operating in Volt/VAr response mode is
Q
pu
a = mVVa + cV, ∀a ∈ A. (2)
The slopemV and intercept cV of the Volt/VAr droop curve are
mV = −Qmin,pu/(VQmin − VDB), (3)
cV = Qmin,pu/mVQmin, (4)
whereVDB is the upper reference point of the deadband, andVQmin
denotes the voltage level at which the maximum reactive power
support is reached.
Recognising that inverters may use reactive power to regu-
late voltage without compromising the active power injection, au-
tonomous inverters are operated in reactive power priority mode.
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Figure 1: Volt/VAr and Volt/Watt droop curves on a per-unit
basis. The highlighted areas represent the feasible setpoint
space for coordinated inverter control.
That means that voltage regulation is first attempted through re-
active power support. The Volt/Watt response mode is activated
when inverter voltage cannot be maintained within operational
limits using reactive power. The Volt/Watt function linearly reduces
active power output until the cut-off voltage Vmax is reached, as
P
pu
a = mWVa + cW, ∀a ∈ A. (5)
The slope mW and intercept cW are derived from the line going
through the points (VQmin ,Pav) and (Vmax,Pmin). When operating
in Volt/Watt response mode, Qpua = Qmin,pu . Converting to base
units, this gives
Qa = SQ
pu
a ua , ∀a ∈ A, (6)
where ua ∈ {0, 1} is the inverter ON/OFF state variable. Then, the
inverter injected power P inja operating in Volt/Watt response mode
is
P
inj
a = min
{√
S2 −Q2a ,Pava Ppua
}
ua , ∀a ∈ A. (7)
2.3 Coordinated Inverters
The optimum active and reactive power target values (P injc ,Qc )
for a set of coordinated inverters c ∈ C are found by solving the
optimisation problem (26), which will be introduced in later stages.
First, it is subject to a capacity limit
(P injc )2 +Q2c ≤ S2, ∀c ∈ C. (8)
The injected PV output P injc from each coordinated inverter is non-
negative and limited by the available active power on the secondary
side of the PV inverter Pavc as
0 ≤ P injc ≤ Pavc , ∀c ∈ C. (9)
Since we are considering the periods with excess PV output leading
to overvoltages, the inverter capability to provide reactive power is
ignored. Thus, the maximum reactive power support is limited to
− Qmin,puS ≤ Qc ≤ 0, ∀c ∈ C, (10)
as in [18], where Qmin,pu is the maximum reactive power that the
inverter can absorb from the grid.
2.4 Non-Exporting Inverters
The last inverter type considered in this study requires inverters
e ∈ E to be connected in a “self-supply” mode. This non-exporting
setup prevents reverse power flow at the point of common coupling
of the customer premises. The non-exporting mode can be seen as
the most neutral future direction for distribution networks since
the inverters neither contribute to the voltage rise nor provide
grid support functions. It is also arguably the fairest model to the
customers as all PV systems are equally affected. The excess PV
output has to be either stored locally for later or curtailed. For
this study, we only consider curtailment, and leave the evaluation
of energy storage for future work. The injected power from non-
exporting inverters P inje is
P
inj
e =
{
min
{
Pave ,Pde
}
, if ue = 1, ∀e ∈ E,
0, otherwise,
(11)
where ue ∈ {0, 1} denotes the status of the inverter.
3 INVERTER CONTROL SCHEME
We assume that the net active and reactive power demand (Pnetn,t ,
Qnetn,t ) and the available PV output data Pavc,t are available at each
time t . In practice, this data is obtained from the AdvancedMetering
Infrastructure (AMI) and the coordinated inverters1. While the
status and PV output from legacy and autonomous inverters are
unknown to the AMI, we will show that the information about
the net demand is sufficient to compute the optimum active and
reactive power target values (P injc ,Qc ), which are to be deployed
on all coordinated inverters.
During the periods of peak PV production, voltage disturbances
are often related to legacy and autonomous inverters shutting off.
Under Australian standards, this happens if the rolling 10-minute
average voltage exceeds the tripping voltage Vtrip. Coordinated
inverter control (CIC) seeks to meet a more stringent target of pre-
venting any node from exceeding this threshold. Thus, we define
VCIC, which is set at 0.5% of Vnom lower than Vtrip to provide a re-
serve to the tripping voltage and prevent immediate disconnection
of passive inverters. The VCIC safeguard against inverter tripping
can be made more conservative to account for cases when poor
internet connection delays AMI data transfer or CIC setpoints are
suboptimal due to the limited information about non-coordinated
network nodes.
3.1 Passive Inverter Control
The set of passive inverters comprises autonomous and legacy
inverters located on the nodes p ∈ P = A⋃L. The operating
state and output from passive inverters are dependent only on
the local voltage measured by the inverter. Both inverter types
1When no power is being curtailed, this is available from the maximum power point
tracker. When power is being curtailed, this could be measured by performing occa-
sional maximum power point probing.
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share the same protection rules to disconnect from the grid. The
governing rule enforces instantaneous disconnection of all passive
inverters exceeding Vmax. Passive inverters will also shut off if the
moving average voltage for u↑ time intervals is above the average
trip voltage Vtrip. While the average trip voltage condition is not
satisfied, legacy inverters will operate at unity power factor, while
autonomous inverters will follow droop curve settings.
Spurious voltage oscillations occur in simulations that adjust all
inverter setpoints at the same time. These are mitigated by applying
a low-pass filter
Q
pu
a,t =
(
1 − ∆T
τV
)
Q
pu
a,t−1 +
(
∆T
τV
)
Qˆ
pu
a,t , (12)
with a time constant τV , as demonstrated in [20]. Alternatively, the
voltage oscillations can also be mitigated by limiting the maximum
active and reactive power change of autonomous inverters between
consecutive time steps, as shown in [27]. Similarly, the active power
injection per unit is given by (5) with the filter
P
pu
a,t =
(
1 − ∆T
τW
)
P
pu
a,t−1 +
(
∆T
τW
)
Pˆ
pu
a,t . (13)
In our simulations, which use discrete time steps of 1 minute, the
change in demand and available PV output between consecutive
periods can lead to multiple inverters exceeding Vtrip and shutting
off. An artefact of the simulation is that this change of state would
happen simultaneously. To avoid this artefact, we allow only one
passive inverter p to disconnect in each period based on random
weighted sampling
w
↑
p,t = (Vmax −Vp,t )−2. (14)
Note that voltage magnitude is expressed per unit and Vp,t ∈
[Vtrip,Vmax], where Vmax is the maximum permissible voltage in
the network beyond which autonomous inverters instantly dis-
connect. Without this constraint, the simulations amplify voltage
oscillations beyond what is expected in a real network.
Inverters remain disconnected for at least u↓ periods and there-
after will reconnect once the voltage recovers to within the con-
tinuous operating level Vtrip. Again, only one simulated inverter
can reconnect at a time based on weighted random sampling with
weights
w
↓
p,t = (Vp,t − Vnom)−2. (15)
During voltage disturbances or faults, non-exporting inverters act
in a similar way to legacy inverters, automatically disconnecting
from the grid if Vtrip or Vmax conditions are met. They remain dis-
connected until the voltage has stabilised below the Vtrip threshold.
While (14) and (15) control the maximum active and reactive power
change between consecutive timesteps, they can be overridden by
disconnection due to exceeding Vtrip or Vmax thresholds.
3.2 Coordinated Inverter Control
During the periods when the network operates within acceptable
voltage levels, coordinated inverter control attempts to minimise
active power curtailment
ϕ(PC,t ) =
∑
c ∈C
Pc,t (16)
and line active power losses
ρ(Vt ) =
∑
(m,n)∈M
ℜ{y∗mn }
(
(ℜ{Vm,t } +ℜ{Vn,t })2
+ (ℑ{Vm,t } + ℑ{Vn,t })2
)
, (17)
where y∗mn denotes the complex conjugate of admittance between
nodesm and n. The voltage regulation is enforced using a penalty
term κ(Vd,t ) with large M for voltages above VCIC on the nodes
d ∈ D = C⋃P comprising PV systems such that
κ(Vd ) =
∑
d ∈D
{
MVd,t , if |Vd,t |2 > (VCIC)2
0, otherwise,
(18)
where
|Vd,t |2 = (ℜ{Vd,t })2 + (ℑ{Vd,t })2, ∀d ∈ D . (19)
To improve the algorithm efficiency, We replace (19) by introducing
auxiliary variables x and y for piecewise linear approximation of
the quadratic terms (ℜ{Vd,t })2 and (ℑ{Vd,t })2 as
xd,t =

m1ℜ{Vd,t } + c1 if Vmin ≤ ℜ{Vd,t } < VQmin, d ∈ D}
m2ℜ{Vd,t } + c2 if VQmin ≤ ℜ{Vd,t } < Vmax, d ∈ D}
0, otherwise,
(20)
yd,t =

m3ℑ{Vd,t } + c3 if 0 ≤ ℑ{Vd,t } < 0.1, d ∈ D}
m4ℑ{Vd,t } + c4 if 0.1 ≤ ℑ{Vd,t } < 0.2, d ∈ D}
0, otherwise.
(21)
where parametersV are given in the Appendix. The range ofℜ{Vd }
and ℑ{Vd } is limited by their min and max feasible values accord-
ingly. To avoid using a multivariate piecewise objective term, we
add another auxiliary variable zd,t so that
zd,t = xd,t + yd,t , ∀d ∈ D . (22)
In addition, it is desirable that households with coordinated PV
inverters are self-sufficient when the available PV output Pavc ex-
ceeds local demand Pdc . Thus, we reduce the voltage penalty by
√
M
so that curtailment from coordinated inverters Pc does not affect
the household’s ability to satisfy its own electricity consumption,
by adding an objective term
ν (PC,t ) = −
∑
c ∈C
{√
MPc,t , if Pc,t < Pavc,t − Pdc,t
0, otherwise.
(23)
We assume that line impedances and network topology are
known when solving the optimisation. The real and imaginary
parts of the inverse of the admittance matrix are Rmn and Xmn .
Combining this information with the AMI data allows us to calcu-
late the nodal voltage balance such as
ℜ{Vn,t } =Vnom +
∑
m∈N
(
XmnQnetn,t + RmnP
net
n,t
)
+∑
c ∈C
(
RcnP
inj
c,t + XcnQc,t
)
, ∀n ∈ N , (24)
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ℑ{Vn,t } =
∑
m∈N
(
RmnQnetn,t + XmnP
net
n,t
)
+∑
c ∈C
(
XcnP
inj
c,t − RcnQc,t
)
, ∀n ∈ N . (25)
This linearisation was introduced in [12] and offers fast conver-
gence, as demonstrated in [17]. Vnom is set to 1.0 per unit.
Finally, the coordinated inverter control (CIC) is
minimise
V ,Pc
ϕ(PC,t ) + ρ(Vt ) + κ(Vt ) + ν (PC,t ) (26)
subject to (8) − (10), (20) − (22), (24) − (25),
taking the form of a quadratically constrained quadratic program
(QCQP).
4 CASE STUDY
4.1 Network Topology
In the following study, we test inverter control models on two low-
voltage distribution networks. The 114-node LV circuit, introduced
in [26], is a reference network model developed for European dis-
tribution network studies. It is a three-phase balanced LV circuit
connected to a 20kV/400V 400kVA secondary transformer. The net-
work is built out of 50mm2 conductors with an R/X ratio of 6:1.
The load data and network topology used in this paper are available
on request.
The 30-min AMI data for 30 households in the Greater Sydney
Area was acquired from [5]. Data from the ith household, i = 1...30
was allocated to the nodes with numbers n ≡ i mod 30. Only the
daylight hours between 8 am and 7.30 pm were considered since
no solar-induced voltage issues were recorded outside those hours.
Given active power demand, we assume a constant power factor of
0.95 leading. The mean load in the summer period is 0.77 kWwith a
standard deviation of 0.27 kW, while the same values for the winter
period are 0.83 kW and 0.53 kW, respectively. For the simulations,
the household load was up-sampled to 30-second intervals using
cubic splines.
The second network is a modified IEEE 906-bus European test
feeder with 55 loads [13]; recommended for LV network studies
by the IEEE PES Distribution Systems Analysis Subcommittee [30].
Uniform scaling was applied increasing the feeder length by a
factor of 2.5 to represent low-density residential areas common in
Australia.
Both networks comprise 6 kWp (kilowatt peak) solar PV systems
connected to a 6 kVA inverter with a reactive power limit of 0.44 of
the inverter kVA capacity. The PV system power losses are assumed
constant at 17%, giving a maximum inverter AC output of 5 kW.
Inverter setpoints for each control model are given in the Appendix.
4.2 Model Setup and Evaluation
The case study compares three future inverter deployment scenar-
ios with either coordinated, autonomous or non-exporting inverters.
The base case with 30% PV penetration contains an equal share of
autonomous and legacy inverters. Since the likelihood of experi-
encing voltage issues is location-dependent [9], we randomly select
40 different PV locations. This set includes an instance with a PV
cluster with the minimum electric distance from the secondary
transformer and another with a cluster at the maximum distance.
Then, we increase PV penetration in incremental steps of 10% by
adding one of three inverter types. The locations of new PV sys-
tems evolve from the base case and are consistent across inverter
scenarios.
In this study, we consider that a VPP aggregator is in charge of
coordinated inverter control and has access to the AMI data. The
foremost task of the VPP aggregator is congestion management and
the provision of grid support services within the network physical
limits. A VPP aggregator is responsible for operating the assets
in the most efficient manner while avoiding unnecessary power
curtailment. Thus, we evaluate the effectiveness of the proposed
coordinated inverter deployment in terms of voltage disturbances
and energy losses. The performance metrics for voltage regulation
are
• number of customers experiencing overvoltages;
• total duration of overvoltages;
• maximum voltage observed for any customer;
• maximum voltage difference between consecutive time in-
tervals for any customer;
• maximum voltage difference for each scenario.
and the performance metrics for energy optimisation are
• PV output utilisation;
• number of disconnection cases per inverter per type;
• total line losses;
• reactive power demand at the network-head.
Recall that the purpose of the paper is to demonstrate the extent
to which coordinated inverter control can be used to maintain
the voltage across the network below Vtrip, which would trigger
inverter tripping under the current reference settings in the Aus-
tralian context. A model with lower a VCIC could provide stricter
voltage bounds or enable grid support services as explained below.
4.3 Provision of Grid Support Services
Coordinated inverters with bidirectional communication capability
can be used for tasks beyond local voltage control. In particular,
they could allow the VPP aggregator to respond to energy mar-
ket price signals or provide ancillary services. However, there is
a problem that is seldom mentioned in this context. At times of
voltage stress, any change in the coordinated inverters’ output will
induce autonomous inverters to change their setpoints as a result
of voltage change across the network. If an autonomous inverter
was operating in Volt/Watt response mode before the market sig-
nal, then the voltage drop induced by coordinated inverters will
allow autonomous inverters to ramp up power output. In this case,
autonomous inverters will partially offset the down-regulation de-
livery by the VPP aggregator. This happens when the distribution
network is operating close to the upper voltage limits, but with
increasing PV penetration such events will occur for longer periods.
Moreover, the fact that the response rate depends on the state of
the distribution network adds to the challenge.
To address this, we examine the extent of such a power trade-
off between coordinated and autonomous inverters following a
request for grid support services (GSS) from the system operator. A
VPP aggregator operates as a non-scheduled, price-taking market
participant with grid support capability. This status allows the VPP
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aggregator to operate at any capacity level with the maximum up-
regulation UR and down-regulation DR capacity offer, determined
by the VPP feasible operating region. The aggregator’s decision for
the capacity offer and direction would depend on the price forecast
for GSS and local network constraints. This study excludes the
monetary aspect of grid support services; instead it evaluates the
trade-off between the system operator’s up-regulation UR or down-
regulation DR capacity request and the response from autonomous
inverters. The limits of the offered capacity and market response
are explained next.
4.3.1 Up- and down-regulation capacity. The provision of the UR
service with coordinated inverters implies that inverters operate
below their maximum output Pavc . Moreover, a request to increase
the output may also lift the voltages outside the operational limits in
a PV-rich distribution network requiring further output reduction.
We address that as follows. First, the VPP aggregator finds optimal
inverter setpoints (P injc ,Qc ) from (26) that yield the upper limit
of injected power
∑
c ∈C P
inj
c,t and guarantee network operation
without local overvoltages. In order to reserve the capacity for an
UR request, it next reduces the total power output by a factor γ and
calculates the updated setpoints for the new output limit. Finally,
these setpoints are used in the inverters themselves. This paper uses
γ = 0.2, so that the VPP aggregator operates PV inverters at 80% of
the maximum feasible output. The choice of γ in practice depends
on the relative prices of energy and regulation. The maximum UR
and DR offers are limited by
URt ≤ γ
∑
c ∈C
P
inj
c,t , (27)
DRt ≤ (1 − γ )
∑
c ∈C
P
inj
c,t . (28)
In practice, advertised amounts would be less than these limits to
account for the errors between forecast and expected PV output
and household load values.
This section will quantify the response of autonomous inverters
following the changes in coordinated inverter operation. A market
designer would have to decide whether it was the responsibility of
the VPP to control the inverters in such a way that the aggregate
change matches the operator’s request, or the operator’s responsi-
bility to request enough adjustment to account for the autonomous
inverters. This is beyond the scope of this study, although it is worth
noting that the VPP is in a better position to estimate the response
of the autonomous inverters.
4.3.2 GSS request. When the system operator issues a request
at time τ to increase or decrease the coordinated inverter output
within the offered capacity range, the VPP must comply and main-
tain it for 5 minutes through PV curtailment. At each t in this
interval, the VPP aggregator will find new setpoints (P∗c ,Q∗c ) by
solving an optimisation problem based on (26) with the following
additions. The regulation is enforced by one of the constraints∑
c ∈C
(
Pavc,t − P∗c,t
)
≥ (1 − γ )
∑
c ∈C
P
inj
c,τ−1 + URτ , (29)∑
c ∈C
(
Pavc,t − P∗c,t
)
≤ (1 − γ )
∑
c ∈C
P
inj
c,τ−1 − DRτ , (30)
which ensure that in each dispatch time interval t ∈ [τ ,τ+5 minutes]
the total injected output is different by at least UR or DR from the
period before the GSS request, as appropriate.
Additional decision variables PGSSc,t for c ∈ C satisfying
URt =
∑
c ∈C
PGSSc,t , (31)
−DRt =
∑
c ∈C
PGSSc,t , (32)
and corresponding curtailment constraints
0 ≤ P∗c,t + PGSSc,t ≤ Pavc,t , ∀c ∈ C (33)
are introduced to determine the optimal curtailment from each
individual inverter when a request for UR or DR is issued.
To demonstrate the network effects of the GSS delivery and
the interaction between different inverter types, we simulate 320
market requests at 13 different PV generation levels, incrementally
increasing the output from 40% to full capacity. Based on the results
in the first part of the study, we selected 60% penetration level with
1:1 ratio between coordinated and autonomous. At this penetra-
tion, solar PV yields excess output between 20-120 kW, sufficiently
increasing the voltages to activate autonomous inverter response
modes.
The new decision variable PGSSc,t should also be introduced in (9),
(24), and (25) such that P injc,t is replaced by P
inj
c,t − PGSSc,t . Following
the deployment of GSS across the coordinated inverters, the total
change in the autonomous inverter output
∑
a∈A ∆P
inj
a,t is recorded
to quantify the actual curtailment as seen by the system operator.
The results provide bounds on the actual curtailment that the VPP
aggregator can offer:
URt ≤ γ
∑
c ∈C
P
inj
c,t −
∑
a∈A
∆P
inj
a,t , (34)
DRt ≤ (1 − γ )
∑
c ∈C
P
inj
c,t −
∑
a∈A
∆P
inj
a,t . (35)
5 RESULTS
5.1 Inverter Deployment Scenarios
The primary objective for deploying coordinated inverter control
(CIC) is to exploit its effectiveness in regulating voltage. Therefore,
we first analyze voltage metrics observed in the test networks for
three future inverter deployment scenarios: additional autonomous
inverters (AUT), additional non-exporting inverters (Non-Exp), and
additional coordinated inverters (CIC).
Figure 2 illustrates the highest recorded voltage for each network
across all PV locations. The deployment of additional autonomous
inverters leads to power system instability above 70% penetration
due to voltages exceeding the average tripping threshold. A larger
time-constant τ value could potentially mitigate voltage oscillations,
but this approach would also increase the delay in the inverters’
response and violate droop curve specifications. Since autonomous
inverters do not return to predisturbance power injection levels,
the results for autonomous inverter-based penetration levels above
70% are excluded.
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Figure 2: Themaximumobserved voltage on the 114-bus net-
work (left) and 906-node network (right) observed for all PV
distribution cases.
Non-exporting inverters maintain the operation around the same
level for all penetration levels above the base case. Limited to self-
consumption, those inverters do not contribute to voltage fluc-
tuations or overvoltages since each new non-exporting inverter
makes the customer ’invisible’ to the network operator (zero net
load) at times of high PV generation. The difference in maximum
voltage levels between the two networks is due to the higher line
impedances of the 906-node network.
Coordinated inverter control demonstrates a downward trend
in the maximum observed voltages for the 114-node network, ap-
proaching the CIC voltage threshold. At 100% PV penetration, CIC is
successful in preventing passive inverter tripping in 39 out of 40 PV
locations, ultimately proving its capability to prevent overvoltages.
However, PV clustering at the far end of the distribution network
may limit the potential of CIC to mitigate voltage disturbances. In
such a case, the VPP aggregator could gradually reduce the CIC
limit and drive it towards the desired 230 V +10%. The high tripping
threshold of legacy inverters is discouraging the VPP aggregator to
set a lower level, thus curtailing extra power. However, the reasons
for operating coordinated inverters at a lower voltage and main-
taining reserve capacity for grid support services are demonstrated
later in this paper. An alternative could be retrofitting of some
existing legacy inverters to provide sufficient voltage control. This
trend is likely to be seen in the upcoming years as the expected
lifetime of legacy inverters is coming to an end.
A different outcome is observed on the 906-node network, where
CIC maintains the maximum voltage at the base case level. This
demonstrates that for the given network topology and loads, the
base case penetration level of 30% is too high for CIC to reverse
voltage disturbances. In other words, it is too late to deploy CIC
alone for voltage regulation on this network.
5.1.1 Extent of effects. More insights into overvoltages can be ob-
tained from Fig. 3. With the continuous deployment of autonomous
inverters, overvoltages occur earlier in the day than with other
types of inverters, affecting more than 60% customers at 50% PV
penetration. Meanwhile, the deployment of non-exporting inverters
does not increase reverse power flow, but more excess power from
the existing inverters is exported to the medium voltage level as
new PV installations with Non-Exp meet households’ own demand.
Thus, the number of affected customers at 50% penetration for the
Figure 3: The change in the length of time and the number
of customers affected at increasing penetration with three
types of inverters: autonomous, non-exporting and coordi-
nated. The 114-node network (top) and 906-node network
(bottom).
114-node and 906-node networks is 10% and 5% higher than in the
base case, respectively.
Building on the previous observations, it can be seen that in-
creasing the number of coordinated inverters reduces the number
of customers and the length of time with voltage disturbances on
the 114-node network while maintaining the same level of adverse
network effects on the 906-node network. In terms of the minimum
share of coordinated inverters required to fully arrest exceeding
voltages induced by passive inverters, we observed that the optimal
number depends on the base case penetration level at which the
CIC is added and the PV locations across the network. Given a
one-to-one ratio with passive inverters at 60% penetration, CIC is
effective to eliminate voltage disturbances for 85% of PV locations
on the 114-node network, while only 37% of PV locations remain
unaffected on the 906-node network.
5.1.2 Voltage oscillations. Another performance problem caused
by autonomous inverters is large, rapid changes in voltage due to
inverters tripping and then resuming operation. Inverter cycling
is mainly caused by the lack of advanced voltage control in legacy
inverters. This results in both legacy and autonomous inverters
exceeding the average tripping voltage Vtrip and occasionally by
reaching the voltage Vmax that necessitates instantaneous tripping.
Inverter cycling also increases with non-exporting inverters on
both networks. Interestingly, these inverters will be occasionally
shut off although not contributing to overvoltages. The frequent
occurrence of such events could encourage customers to install
stand-alone inverters and energy storage systems that would allow
them to disconnect from the grid on such occasions.
However, different cycling patterns were observed with CIC
on each network. On the 114-node network, CIC reduced cycling
significantly or even eliminated it for both the existing and new
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Figure 4: The total number of disconnection cases per
inverter and PV curtailment for autonomous (top), non-
exporting inverters (middle), and coordinated (bottom) in-
verters. The 114-node network.
PV installations (Fig. 4). As mentioned above, CIC cannot com-
pletely eliminate cycling of legacy inverters; when CIC inverters
are curtailing 100% and drawing the maximum reactive power, they
cannot do more to prevent legacy inverters from tripping. Higher
line impedances in the 906-node network leads to more cycling
cases at the same penetration level simply due to an insufficient
number of coordinated inverters.
5.1.3 PV output utilisation. In this section, we show that PV cur-
tailment is not necessarily a valid metric to assess the effectiveness
of coordinated inverters. The goal of the VPP aggregator is to main-
tain the network within operational limits while maximising the
revenue from the available solar generation. The utilised PV output
is perceived as the sum of the PV output consumed locally and
exported via the distribution transformer. During periods when
the network is not constrained, the optimal setpoints for coordi-
nated inverters are determined by minimising active power losses.
Adding a term for line losses to the cost function is equivalent to
maximising the utilised PV output.
For example, the higher reactive power demand from autonomous
inverters operating in Volt/VAr or Volt/Watt mode at the far end of
the line may increase line power losses more than the higher PV
output as a result of lower voltages. Additional line losses cause
increased heating of the conductors, which increases the sag; this
Figure 5: Total reactive power demand (left) and the utilised
PVoutput (right) for the 114-node network (top) and the 906-
node network (bottom).
may present a fire risk on hot days if there are trees under the
power lines. Moreover, the increased apparent power increases the
thermal stress on the transformers, which are already stressed on
summer days. Since the CIC objective is to minimise total power
losses, reactive power from coordinated inverters is used only when
it leads to lower objective values (Fig. 5). Figure 4 illustrates the
difference in curtailment for each of the future scenarios. If the
VPP aggregator considered only PV output curtailment, the future
scenario with coordinated inverters would lead to a 20-30% higher
curtailment. However, when looking at PV output utilisation, this
gap between the same scenarios is reduced to approximately 10%
due to CIC yielding lower line losses (Fig. 5). In addition, higher
PV utilisation by autonomous inverters is achieved only at the
cost of voltage violations. Distribution network service providers
(DNSPs) are likely to prevent this from happening by limiting the
number of PV connections in the network, and may also consider
network augmentation or the deployment of dedicated voltage
regulation hardware as a potential solution. Coordinated inverter
control can achieve similar benefits while utilising the existing
infrastructure. The additional curtailment, however, highlights the
need for a mechanism that allows the VPP aggregator to partially
compensate adversely-affected PV owners for providing local volt-
age regulation.
Meanwhile, non-exporting inverters may curtail up to 90% of the
available generation on a given day. To mitigate these effects, PV
owners may try to increase their loads, invest in energy storage or
opt for a smaller PV system to minimise the wasted PV output. As
adding more non-exporting inverters reduce customer loads, the
PV output exports from autonomous and legacy inverters results
in a higher reverse current flow, thus increasing passive inverter
cycling.
The results demonstrated so far represent a summer day with
high PV generation and low load. Figure. 6 illustrates inverter oper-
ation on a winter day with approximately 30% less solar irradiation
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compared to summer. CIC is capable of maintaining the voltage be-
low the target at all penetration levels, while autonomous inverters
lift the voltage above the desired operating limits when exceeding
40% penetration. In the absence of voltage disturbances, CIC offers
marginal gains in utilised power over autonomous inverters due to
better line-loss and reactive power management (Fig. 6). As there
are more winter-like days in the year (in terms of available solar
irradiation), CIC has shown to yield as much power as autonomous
inverters in those periods, while preventing voltage issues during
the days with high PV output.
Figure 6: The number of customers with overvoltages (left)
and the utilised power as the percentage of total solar PV
generation (right) from all types of inverters on a clear win-
ter day. The 114-node network.
5.2 Grid Support Services
To study the use of coordinated inverters for grid support services
(GSS) we populate the 114-node LV distribution network with a
number of coordinated inverters and passive inverters replicating
one of the voltage disturbance-free PV layouts at 60% penetration.
The provision of GSS is illustrated in Fig. 7 with UR and DR re-
quests received at random time intervals over the daylight hours.
After receiving a GSS request (Fig. 7, top), coordinated inverters
respond to it by adjusting the power output (Fig. 7, middle). The
VPP aggregator’s capability to provide GSS during peak sun-hours
is significantly reduced due to the additional curtailment required
for keeping voltages below the tripping threshold. The deployment
of GSS leads to voltage drop/rise along the distribution lines causing
autonomous inverters to increase/decrease their power injection
according to droop curve settings (Fig. 7, bottom).
5.2.1 Passive inverter response. The operation of legacy inverters
is not affected by the VPP aggregator providing GSS. The VPP
aggregator prioritises local voltage regulation through own cur-
tailment optimisation in order to maintain all PV resources online.
Since the maximum UR offer capacity is calculated for the optimum
operation of coordinated inverters at full output, the delivery of
any UR request will keep voltages below the inverter disconnec-
tion threshold allowing legacy inverters to operate at unity power
factor. Therefore, a legacy inverter would only shut off once all
coordinated inverters have reduced power injection to zero and
have disconnected from the grid.
5.2.2 Autonomous inverter response. The autonomous inverters
will adjust operating points according to the voltage difference prior
to and after a GSS event. At each time interval, the initial voltage
Figure 7: The change in active power output from au-
tonomous and coordinated inverters following a GSS re-
quest.
level is driven by the amount of excess solar output that is being
pushed back to the transformer, whereas the GSS dispatch capacity
will determine the level at which voltage settles. Combining these
two factors, the autonomous inverter response is illustrated in Fig. 8.
PV output levels are varied between 40-100% with constant cus-
tomer load. The total width of each UR and DR band corresponds
to the VPP feasible operating region (FOR) at the given PV output.
The size of FOR follows the increase in solar generation, peaking at
Figure 8: The response rates of autonomous inverters at var-
ious generation to load ratios, following a GSS request.
Figure 9: The response rates of autonomous inverters at var-
ious generation to load ratios, following a GSS request.
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55%. Above this level, the VPP aggregator is required to curtail addi-
tional power from coordinated inverters (can be observed in Fig. 7)
in order to maintain voltages below the disconnection threshold
across the network.
The DR delivery affects autonomous inverters when the PV out-
put is between 60-90%. Voltage drop induced by coordinated invert-
ers allows autonomous inverters to either move up the Volt/Watt
generation curve or deactivates them completely. Autonomous in-
verters recover up to 5 kWwhen aDR request is between 30-45 kW.
It is important to note that the total response rate of autonomous
inverters is limited by the curtailment occurring before a GSS event.
Figure 9 illustrates the response rate against the regulation value
for each PV output level. Depending on the PV output level, au-
tonomous inverter response becomes constant for increasing DR
values when inverters have recovered to full output. Then, the flat
segment of each curve sets the upper bound of the DR response
rate.
The impact of the UR request on autonomous inverters stretches
across a wider range of PV output than duringDR. By delivering the
UR request, CIC lifts the initial voltages to within the Volt/Watt re-
sponse region. This causes autonomous inverter setpoints to move
away from full output or increases the pre-existing curtailment.
The total response rate from autonomous inverters increases to-
gether with UR request capacity. Since the voltage range of the
Volt/Watt response mode exceeds the CIC tripping threshold, a
larger UR request than the available reserve capacity would further
reduce the output from autonomous inverters. However, it would
also compromise the ability of CIC to maintain voltages below the
average tripping level.
It may be argued whether the idea of providing up-regulation
from PV inverters is reasonable. Operating coordinated inverters
below the optimal output in the expectation of an UR request leads
to unnecessary energy curtailment. However, without an option
to consume or store excess PV output locally, it may have low or
no market value anyway. The energy in wholesale electricity and
ancillary markets is frequently traded at zero price during peak-sun
hours. With the number of solar PV installations far exceeding the
uptake of battery storage for a foreseeable future, the price received
for UR is likely to be greater than for the DR capacity. The fact
that operating coordinated inverters below the optimum level may
Figure 10: The autonomous inverter response rate per unit
of the regulation request value between 50-90% PV output.
relax the voltage constraints also supports the idea of operating
coordinated inverters with reserve capacity. Further research should
focus on introducing a dynamic ratio between the UR and DR offer.
This would enable the VPP aggregator to maximise the revenue
while operating coordinated inverters and DER within the network
limits.
The autonomous inverter response rate per unit of GSS request is
illustrated in Fig. 10. For each kW of theDR request, autonomous in-
verters may increase the output by up to 0.25 kWwhen operating at
85% of PV output. The response rate increases up to 0.45 kW during
up-regulation. The difference between UR and DR response levels
is related to the response being bounded by the total autonomous
inverter curtailment and near-zero regulation requests. Although
occurring at specific PV output levels, the extent of autonomous
inverter response is large enough to derail the GSS delivery. The
VPP aggregator, likely the only entity with controllable assets in
the distribution network, should consider this counter-effect when
operating in a network with a significant share of autonomous in-
verters. As shown before, at higher penetration levels, distribution
networks will operate within the Volt/Watt mode more frequently
and for longer time periods. If the actual load/output change seen
by the system operator is only 55-75% of the requested capacity,
this undermines the utilisation of DER for grid support services.
6 CONCLUSIONS
This paper studied the operation of coordinated inverter control
deployed in two different low-voltage test networkswith an existing
30% PV penetration comprised of passive inverters. The number
of customers experiencing overvoltages and the duration of those
voltage disturbances were reduced as more coordinated inverters
were added to the central control model on the 114-node network.
At a one-to-one ratio between coordinated and passive inverters,
voltage issues were mitigated at 34 of the 40 PV locations. This
increased to 39 of the 40 locations at 100% penetration. However, at
the same penetration level, no voltage disturbances were observed
at only 15 out of 40 PV locations on the 906-node network. This
suggests that the studied networks have a penetration level beyond
which coordinated inverter deployment cannot reverse voltage
disturbances. It will be interesting to study how to determine this
penetration threshold.
Considering a one-to-one ratio between coordinated and passive
inverters on the 114-node network, we examined an option to
use the aggregated output from coordinated inverters as a Virtual
Power Plant and provide grid support services. It was shown that
the output change from autonomous inverters following a down-
regulation request may increase by up to 0.2 units and decrease
following an up-regulation request by up to 0.45 units at certain PV
output levels. Since the regulation request and the response from
autonomous inverters are of opposite sign, this difference has to
be accounted for by the VPP aggregator. In future work, we aim to
integrate the calculation of response rate into the VPP operation.
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APPENDIX
Table 1 provides reference setpoints for legacy inverters and au-
tonomous inverter Volt/VAr and Volt/Watt droop curves. The time
constants τV and τW are set to 1.5 and 3.5, respectively.
Table 1: Inverter active and reactive power setpoints and
voltage reference values.
Ref. V Qmin,pua P
pu
a P
pu
l P
pu
c
Vmin 207 n/a n/a n/a n/a
Vnom 230 n/a n/a n/a n/a
VDB 248 0 1.0 - n/a
VQmin 253 0.44 1.0 - n/a
Vmaxl 260 - - 0 n/a
Vmaxa 265 0.44 0.2 - n/a
VCIC 255.85 - - - 0
Vtrip 257 0 0 0 -
